ABSTRACT. Differences in the radiocarbon ages of closely associated marine mollusk shells and terrestrial material (charred wood or bones) from several Galician archaeological contexts are significant from the Iron Age to Medieval times. ∆R values show high variability, ranging from -280 ± 70 to 270 ± 40 14 C yr. The set of ∆R values also presents a strong positive peak (∆R = 270 ± 40 14 C yr) at 860 ± 90 BP, which matches another peak found for western Portuguese coastal waters. The data obtained, namely the negative or close to zero ∆R values, suggest that the reduced offset between atmospheric and surface water 14 C content is due to the existence of a strong stratification of the water column and environmental factors in the Galician rías during the Iron Age and the Medieval period.
INTRODUCTION
The western coast of the Iberian Peninsula (37-43°N) is the northern boundary of the NW Africa coastal upwelling system. At these latitudes, shelf winds follow a seasonal pattern connected with the large-scale climatology of the Northeastern Atlantic Ocean (Wooster et al. 1976 ). The western Iberian shelf forms a complex oceanographic system due to its location, size, coastline, and bathymetric features, where a variety of micro-, meso-, and macro-scale physical processes occur, including coastal upwelling and coastal downwelling. The dominant wind pattern in this coast is a consequence of the location of the Azores high, which causes changes in wind direction and intensity. These changes, consequently, modify the hydrographic structure of the water column. Northerly winds predominate from April to September, causing upwelling; favorable downwelling occurs from October to March when the coast is under the influence of southerly winds due to the reinforcement of the Iceland low, while the Azores high occupies its most southern position (Fiúza 1982 (Fiúza , 1983 Fiúza et al. 1982; Ferreira 1984; Nogueira et al. 2003; Lorenzo et al. 2005; Varela et al. 2005) .
Galicia is located at the northern limit of the upwelling area of the NE Atlantic. Cape Finisterre is the most northwesterly point in the Galician region and at this distinctive topographic feature, the western coastline abruptly changes its near south-north orientation to a southwest-northeast direction (see Figure 1 ). The western Galician coast extends from about 42-43°N and is characterized by a fairly regular topography and a coastline with 4 main embayments or rías. The Rías of Galicia are flooded tectonic valleys and penetrate the coast with their axes almost perpendicular to the coastline. The rías to the south of Cape Finisterre are called the Rías Baixas (from north to south: Muros-Noia, Arousa, Pontevedra, and Vigo), while those to the north of the Cape are known as the Rías Altas. Among these, the rías of La Coruña, Betanzos, and Ferrol are the most important (Prego et al. 1999) . Most rivers on the Galician coast do not flow directly into the sea but enter via the inner segment of the rías. Freshwater input follows a seasonal pattern with lower flow in summer. Moreover, the annual river input is low and similar for both groups of rías; summer processes, particularly coastal upwelling, exert a far greater influence in the rías hydrography than the river discharge (Prego et al. 1999 ).
The wind field in the Cape Finisterre area has high spatial and temporal variability throughout the year. Nevertheless, an outstanding feature of the Galician coast is the persistent upwelling near Cape Finisterre (Torres et al. 2003) . This recurrent upwelling center off Cape Finisterre divides the study area into 2 regions, which differ not only in the occurrence and intensity of winds, but also in the origin of the upwelled water. Eastern North Atlantic Central Water of subpolar origin (ENACW sp ) has been recorded as upwelled water north of Cape Finisterre when northeastern winds predominate. South of the Cape, ENACW sp has been observed during the spring upwelling, whereas ENACW of subtropical origin (ENACW st ) prevailed during the summer upwelling (Castro et al. 2000) .
The water circulation in the Rías Baixas is 2-layered. The bottom layer corresponds to upwelled East North Atlantic Central Water (ENACW) that enters the ría during an upwelling event and pushes the surface layer water out of the ría (Borges and Frankignoulle 2002) . The outwelled surface water is modified ENACW that entered the ría during the upwelling event of the previous upwelling cycle (with a period typically of 14 days, following Álvarez-Salgado et al. 1993) . Thus, during the upwelling season 60% of shelf surface waters off the Rías Baixas consist of fresh ENACW upwelled in situ. The remaining 40% consists of upwelled ENACW that previously entered the rías and is sub- Figure 1 Galician rías and locations of the sampled archaeological sites sequently outwelled after thermohaline modification. During the downwelling season, 40% of warm and salty oceanic subtropical surface water, which is piled on the shelf by the predominant southerly winds, enters the rías . Consequently, water circulation patterns in the outer and middle segments of the Rías Baixas are controlled by shelf wind-stress, so these rías behave as extensions of the shelf rather than as proper estuaries. Only the innermost part of the rías may strictly be considered as an estuary. The hydrographic system of the Rías Altas is different from that of the Rías Baixas. Besides a lesser intensity of upwelling in the corresponding shelf, the existence of a thermohaline front near the coastline impedes to a great extent the penetration of upwelled water into these rías (Prego and Bao 1997; Prego et al. 1999 ).
As upwelled waters are depleted in radiocarbon relative to sea surface water, the 14 C content of marine shells inhabiting coastal regions can be used as an upwelling proxy. Stuiver et al. (1986) modeled the response of the world oceans to atmospheric 14 C variations. From this modeling, 2 calibration curves for marine samples have been derived: one related to the deep ocean and the other to the sea surface water (mixed layer). Regional differences in 14 C content between the surface water of a specific region and the average surface water are due to several causes and anomalies, particularly the upwelling of deep water. Thus, a parameter, denoted as ∆R, can be defined as the difference between the reservoir age of the mixed layer of the regional ocean and the reservoir age of the mixed layer of the average world ocean. ∆R values are often determined for a particular geographical region by 14 C dating of marine mollusk shells of historic (known) age, collected alive before 1950, i.e. of pre-bomb age (Stuiver et al. 1986 ). Another approach to quantification of ∆R is dating pairs of samples of the same age but of different origin (terrestrial and marine) and converting the terrestrial biosphere sample 14 C age into a marine model age; this marine model age is then deducted from the 14 C age of the associated marine sample to yield ∆R (Stuiver and Braziunas 1993) . Although reservoir ages, R(t)-defined as the difference between conventional 14 C dates from a pair of coeval samples that lived in different carbon reservoirs (Stuiver et al 1986) -are time-dependent, ∆R is not unless some change of oceanographic conditions restricted to the considered regional ocean has occurred. Since rates of regional upwelling can vary in the course of time and the intensity of the 14 C depletion in the mixed layer depends upon the wind-driven coastal upwelling, it is likely that values of ∆R can also vary in the course of time (Stuiver and Braziunas 1993:155; Kennett et al. 1997; Ingram 1998; Ascough et al. 2004; Soares and Dias 2006) . A ∆R value higher than the modern value (i.e. the one determined using marine mollusk shells of historic known age) will probably represent a period of higher than modern upwelling rates and, conversely, periods of lower than modern ∆R value may represent periods of weaker coastal upwelling. So, as a measure of the regional enhancement or depletion of radiocarbon, ∆R can also be used as an upwelling proxy, which provides the most direct signal of upwelling activity (Diffenbaugh et al. 2003) .
From previous studies concerning the coastal upwelling off Portugal, a mean value for ∆R (280 ± 35 14 C yr) was calculated using shells from marine mollusks collected alive along the western Portuguese coast between 1886 and 1937 (Soares 1989; Soares and Cabral 1993) . This value is in accordance with the occurrence of an active upwelling of strong intensity as exists today. In compliance with the definition, ∆R was supposed to be constant (Stuiver et al. 1986 ). Nevertheless, the research carried out later shows that differences in the 14 C ages of closely associated marine mollusk shells and terrestrial material (charcoal or bones) from several Portuguese archaeological contexts are significant through the Holocene. ∆R values range from 940 ± 50 to -160 ± 40 14 C yr (Soares and Dias 2006) . Some primary observations based on these data can be made: i) during the Holocene important changes have occurred in the ocean reservoir effect off the Portuguese coast; ii) these fluctuations may be correlated with regional oceanographic changes, namely with changes in the strength of coastal upwelling; and iii) these changes suggest some sort of variability of the climatic factors forcing coastal upwelling off Portugal (Soares 1993; Soares and Dias 2006) .
Since the upwelling area of the Galician coast can be considered as the northern limit of the western Iberian upwelling area, a similar situation to that present in the Portuguese coast might be expected. The analysis of 6 paired marine/terrestrial samples, collected during an archaeological excavation in an Iron Age settlement in the margin of the Ría of Arousa, allowed determination of ∆R values close to zero, although most of them are negative values (Rubinos Pérez et al. 1999) . These values, at first sight, seemed to imply a different hydrographic situation (with a nonexistent coastal upwelling) compared with the situation prevailing in the western Portuguese coast during the same period of time. Our research tried to continue the study carried out by our Spanish colleagues in order to identify eventual differences in the marine reservoir effect between the Rías Baixas and the Rías Altas regions or between the western Galician coast and the western Portuguese coast. Nevertheless, the sampling area until now has covered a lesser temporal and spatial extension than that undertaken along the Portuguese coast, and for that reason this study must be considered preliminary.
SAMPLING
Pairs of closely associated archaeological samples (marine shells/charred wood or bones) from each depositional context were collected from 2 Galician archaeological sites: Peneda del Viso (Pontevedra) and Torre de Hércules (La Coruña). It is assumed that the deposition of both types of samples was simultaneous, or, in other words, that the time of death of the organisms from both reservoirs was the same.
Peneda del Viso, located about 2 km east of the inner part (the San Simón inlet) of the Ría of Vigo, one of the Rías Baixas, is an Iron Age settlement that was excavated in the early 1990s. Two paired marine/terrestrial samples were collected for dating. Torre de Hércules is a Roman lighthouse from the ancient town of Brigantium, located between Orzán cove and the mouth of the Ría of La Coruña (Hutter and Hauschild 1991) . In Medieval times, the lighthouse was transformed into a fortress, the remains of which were discovered during archaeological excavation in 1992/3 in the platform that encloses the tower (Bello Diéguez 2004) . The majority of the stratigraphy corresponding to the Medieval occupation is made up of undisturbed thin, dark layers. Their origin is kitchen refuse, including both marine and terrestrial material, which was gathered at the same time and is almost certainly contemporaneous. It is from some of those layers that the analyzed samples were collected.
We tried to eliminate problematical associations through close consultation with the excavators of each sampled site. In order to obtain accurate results, we selected samples in close stratigraphic proximity. In some cases, we measured more than 1 shell species from the same archaeological context. Using different shell species, we tried to test not only if their respective 14 C dating results were influenced by dietary or habitat preferences of the analyzed mollusks, but also to identify eventual outliers. For charcoal samples, it was not possible to undertake any prior anthracological analyses in order to overcome the problem of the "old-wood" effect (Kennett et al. 1997; Ascough et al. 2005) , which can lead to low or negative ∆R values. Nevertheless, using more than 10 paired samples from thin archaeological layers in vertical stratigraphic/chronological order, as was the case for Torre de Hércules, any outlier or any charcoal sample suffering from the old-wood effect can be easily identified.
Although the application of an ideal sample protocol (Ascough et al. 2005) was not entirely fulfilled, the methodology used was thought to be the most promising to obtain accurate values for ∆R. A detailed discussion of these matters, including a more complete description of the sampled archae-ological sites as well as all the data obtained from our research, can be found in Soares (2005) . Sampling locations are shown in Figure 1 .
ANALYTICAL PROCEDURES
Samples were first cleaned by hand to remove foreign material. Charred wood samples were further decontaminated by acid/alkali/acid digestion. For bone samples, gelatin was extracted using the Longin method (Longin 1970) . Marine shell samples were usually restricted to whole valves of the same species with no visual evidence of surface deterioration. Nevertheless, the outermost 30% by weight, at least, of the shells was discarded by controlled acid leaching (0.5M HCl at 25 °C). For some samples, where size allowed, controlled acid hydrolysis was used to separate similarly sized volumes of CO 2 representative of the intermediate fraction and the inner fraction of the shells' carbonate structure.
We measured the 14 C content by means of the liquid scintillation technique described elsewhere (Soares 1989) . Stable isotope enrichment values (δ 13 C) were determined for the CO 2 gas produced at the initial stage of benzene synthesis. 14 C ages or the radiometric enrichment D 14 C were calculated in accordance with the definitions recommended by Stuiver and Polach (1977) .
RESULTS AND DISCUSSION
Measurements of the 14 C contents of the terrestrial/marine pairs and the resulting ∆R values are listed in Table 1 . Following Stuiver and Braziunas (1993: Figure 15) , ∆R values were calculated by converting the terrestrial biosphere sample 14 C age from each archaeological context into a marine model age; this marine model age was then deducted from the 14 C age of the associated marine shell sample to yield ∆R.
As already mentioned, in some cases we dated more than 1 sample of the same origin from the same stratigraphic level. A weighted mean was then calculated using D 14 C values. In addition, only the value of D 14 C determined for the inner fraction of marine shell samples (when 2 fractions were obtained and analyzed) is taken into consideration for ∆R calculation. The D 14 C value for the intermediate fraction is merely an index of reliability for the inner fraction D 14 C as are the inner and the intermediate fraction δ 13 C values. For uncontaminated marine samples, δ 13 C must be higher than -3‰ (Keith and Anderson 1963) .
It must be noted that 2 values, Sac-1858 and Sac-1868, are outliers since their 14 C contents are equivalent to those of the respective terrestrial samples taking into account the uncertainties. Also, Sac-1870 shall be an outlier assuming that the value of R(t) calculated with it, 1840 ± 85 14 C yr, is not acceptable. Nevertheless, only 3 outliers in 42 results and terrestrial sample ages in accordance with their stratigraphic positions suggest that reliable dates were obtained and the old-wood problem was not important for our charred wood 14 C dates nor, consequently, for the ∆R values.
In Table 2 , the ∆R values determined for the Iron Age settlement of O Achadizo (Ría of Arousa) by Rubinos Pérez et al. (1999) are presented. The data shown in Tables 1 and 2 can be divided into 2 sets: one from Iron Age archaeological contexts located near the Rías Baixas and another from Medieval contexts of a site located in the northwestern Galician coast at the mouth of the Ría of La Coruña, one of the Rías Altas. In Table 3 , the ∆R values are presented for each archaeological context listed in decreasing chronological order. The context age was determined by using samples of terrestrial biosphere origin. These ages are presented as conventional 14 C dates and also as calendar dates using the program CALIB rev 5.0.1 (Stuiver and Reimer 1993) and the IntCal04 calibration curve (Reimer et al. 2004) . Table 1 Table 1 Table 3 Reservoir effect values for the Galician coast.
Archaeological site a Calendar dates are given by the intervals, the limits of which, rounded off to the nearest multiple of 10, correspond to the lower and upper limits of extreme intervals of the calibrated 14 C dates. b14 C ages, R(t), and ∆R values following Rubinos Pérez et al. (1999) . c ∆R and R(t) values of reduced reliability (see text).
As can be seen in the tables, the ∆R values determined from Iron Age contexts are all negative values, with the exception of those calculated for the context dated to 2441 ± 44 BP (760-400 cal BC at 2 σ). Two positive values were determined depending upon which shell sample was used for the calculation (see Table 2 ). Nevertheless, studies using other paleoenvironmental proxies point out that between 975 cal BC and cal AD 1000, the Rías Baixas were not influenced by coastal upwelling (Diz et al. 2002; Álvarez et al. 2005; González-Álvarez et al. 2005) . A ∆R value of 220 ± 28 14 C yr would be in accordance with an intense upwelling, but it seems that it would have not occurred at 760-400 cal BC. Thus, that value must be considered less reliable. On the contrary, the ∆R value of 46 ± 28 14 C yr seems to be more acceptable. The Iron Age ∆R values are, in turn, in accordance with the studies referred to above, e.g. these values reflect restricted environments (relative isolation and dominance of the estuarine condition in the rías hydrography), where strong stratification of the water column leads to a greater equilibrium with the contemporary atmosphere.
A set of 13 ∆R values was determined from the Medieval contexts of Torre de Hércules (see Table 3 and Figure 2 ). We can also divide this set into 2 subsets: one with the first 7 values, which also indicate, besides a high variability, a consistent, strongly reduced offset between atmospheric and surface ocean 14 C specific activity during the period cal AD 800-1200 at 2 σ (1200-800 cal BP); and another subset with the remaining 6 values where the ∆R has a high variability, too, but where some positive values occur. It must be noted that at 860 ± 90 BP, 2 values of ∆R were calculated due, as it also happened with a paired sample from O Achadizo, to the great difference between the ages determined for the 2 shell samples associated with the terrestrial biosphere sample. The Patella sample was subdivided into the intermediate and the inner fraction with statistically similar 14 C dates of 870 ± 90 BP for the western Portuguese coast; we also obtained a peak (620 ± 70 14 C yr) for ∆R (Soares and Dias 2006) . We think that the value of 270 ± 40 14 C yr for ∆R determined at 860 ± 90 BP for the Galician coast is more reliable than that of -30 ± 40 14 C yr determined with the Throchocochlea sample.
This peak found in the 2 data sets (see Figure 2 ) matches the one found at ~800 cal BP by deMenocal et al. (2000) in a core taken off Cape Blanc, Mauritania (20°45′N, 18°35′W). Following these researchers, the event of 0.80 cal kyr BP, associated to another at 0.35 cal kyr BP, and those at 10.2, 8.0, 6.0, 4.6, 3.0, and 1.9 cal kyr BP, represent a succession of Holocene cooling events recurring about every 1500 ± 500 yr (see also Bond et al. 1997 Bond et al. , 2001 McDermott et al. 2001) . These data within the respective dating uncertainties document that the subpolar, temperate, and subtropical North Atlantic experienced a comparable and roughly synchronous succession of cooling events (the so-called Bond events) and climate instabilities. These events are associated with "abrupt" climatic changes. For instance, the 0.80-kyr event occurred between the Medieval Warm Period and the Little Ice Age.
All these data determined by us agree with other paleoceanographic and paleoenvironmental proxies for the western and northwestern Galician coast. Following Álvarez et al. (2005) , a combined study of biomarkers and coccolith assemblages in a core from the Ría of Vigo indicates that during the last 3000 yr, 3 intervals with different paleoenvironmental conditions can be found. The first, between 975 BC and AD 252, corresponds to a transition from a warmer to a cooler period. The second interval (AD 252-1368) represents a humid period with a strong fluvial input into the ría. The third interval (AD 1368 (AD -1950 represents, in turn, a well-developed upwelling system and, consequently, a strong ría-ocean connection. González-Álvarez et al. (2005) , using the data obtained from a gravity core retrieved from the western Galician shelf, concluded that at ~2850 cal BP, coinciding with the Subboreal/Subatlantic transition, a storm regime existed and at AD 1420 an intense upwelling pulse occurred. Diz et al. (2002) have reconstructed the hydrographic evolution of the Ría of Vigo during the last 3000 yr: from 975 cal BC to cal AD 1000 the hydrographic situation corresponded to a restricted environment where the exchange with the open ocean is small, but at cal AD 1000 an intensification of coastal upwelling is recorded that continues until the present.
If we compare these results from the Galician coast with those obtained from the Portuguese coast for the same periods of time, as is done in Figure 2 , an interesting feature can be identified, i.e. the ∆R values from Galicia are invariably lower than those from Portugal. This difference is explained by the existence during the Iron Age and the Medieval period of a coastal upwelling of some intensity off the Portuguese coast (mean ∆R = 95 ± 15 14 C yr, see Soares and Dias 2006:59) , while the Galician coast was characterized until 860 ± 90 BP by a weak or nonexistent coastal upwelling. This fact implies restricted environments inside the rías, i.e. strong stratification of the water column that led to a greater equilibrium with the contemporary atmosphere and, consequently, to an enrichment in 14 C of the surface waters.
CONCLUSION
Reservoir ages can provide information concerning the intensity of coastal upwelling and paleoenvironmental processes in marine regions influenced by this phenomenon. A record of past reservoir ages is preserved in the 14 C content of contemporary marine and terrestrial material.
The ∆R results from the western and northwestern Galician coasts (Rías Baixas and Rías Altas regions, respectively) for the period 2500 to ~900 BP point to a reduced offset between atmospheric and surface water 14 C content, suggesting the existence of a restricted environment in the Galician Rías and a small exchange with the open ocean. This fact, due to a weak or nonexistent coastal upwelling, leads to a strong stratification of the water column and, consequently, to a greater equilibrium with the contemporary atmosphere.
At 860 ± 90 BP (660-930 cal BP at 2 σ), a peak in the ∆R series was obtained, which is coincident with another obtained at 870 ± 90 BP for the western Portuguese coast and matches that found at 800 cal BP by deMenocal et al. (2000) in a core taken off NW Africa. After that date, the ∆R values and other proxies suggest the occurrence of an active upwelling off the western and northwestern Galician coast that increased in intensity until modern levels were reached.
